The delocalization of electron density upon tautomerization of a proton across a conjugated bridge can alter the strength of hydrogen bonds. This effect has been dubbed resonance-assisted hydrogen bonding (RAHB) and plays a major role in the energetics of the tautomeric equilibrium. The goal of this work was to investigate the role that π-delocalization plays in the stability of RAHBs by engaging other isomerization processes. Similarly, acid-base chemistry has received little experimental attention in studies of RAHB and we address the role that acid-base effects play in the tautomeric equilibrium. We find that π-delocalization and the disruption of adjacent aromatic rings is the dominant effect in determining the stability of a RAHB.
INTRODUCTION
The tautomeric equilibrium between enolimines (OH-form) and enaminones (NH-form, Figure 1A ) plays a critical role in biosynthesis and medicinal chemistry.
1 For example, the Schiff bases of pyridoxal phosphate ( Figure 1B ) are important in the enzymatic transformations of amino acids, where proton transfer between oxygen and nitrogen is often the first step of the catalytic cycle. [2] [3] [4] Additionally, several enolimine drugs have been reported that act on the central nervous system 5, 6 and K + channels. 7 Similarly, sirtinol ( Fig 1B) is a deacetylase inhibitor 8 that displays anticancer 9-14 and antiviral 15 activity. The structure of sirtinol features a Schiff base with 2-hydroxynaphthalene, which is important for drug action.
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Figure 1. A, tautomeric equilibrium of enolimine and enaminone. B, tautomeric examples.
The balance of the equilibrium between both tautomeric forms is partially dependent on the π-delocalization in both of the rings indicated in Figure 1A (a and q). [17] [18] [19] [20] [21] [22] The π-delocalization in ring q 23, 24 and this stabilization is termed a resonance-assisted hydrogen bond (RAHB). 1, 21, [23] [24] [25] [26] [27] While the tautomeric equilibrium can be affected by substituents, 1, 28 in general, an increase in the aromaticity of ring q leads to a loss of aromaticity in ring a, 1, 16, 21, 29, 30 and these results suggest that π-delocalization in ring a and q are coupled to each other. This interplay was recently demonstrated to operate in the excited state as well. 31 To investigate the coupling of π-delocalization further, we sought to "open up" the RAHB to engage a new tautomeric, quasiaromatic structure (Scheme 1). Previous studies have sought to entice the proton in Figure 1A away from the traditional RAHB but have not been successful.
favors the enaminone (NH-O) tautomer with a strong O•••H hydrogen bond

16
Scheme 1. Tautomeric forms under consideration Intriguingly, the RAHB equilibrium of Figure 1A has not received much attention in the context of heterocycles. Most experimental studies have focused on all-carbon cycles except for some reports that employ the pyridine or quinolone nitrogen in the role of the Schiff-base in Figure 1A . [32] [33] [34] We hypothesized that nitrogen heterocycles could suitably position Lewis basic atoms to coax the NH-O form to open up to an unprecedented NH-N form (Scheme 1). To test our hypothesis, we elected to focus on 1 and 2 (Scheme 1 and 2) for three reasons: (i) The geometry of the RAHB in ring q' is different for both compounds. The 6-membered pyrazine ring in 1 presents a different hydrogen bonding geometry than the thiadiazole ring in 2. This geometric effect might alter the stability of the RAHB in q'.
(ii) The basicity of the nitrogen atoms in each compound are different. The large difference in the pK aH values of the parent heterocycles, pyrazine and thiadiazole (Scheme 1), may also play a role in enticing the NH-O form to open up into the NH-N form. (iii) It has been proposed that π-delocalization within the RAHB heavily perturbs the OH pK a , ultimately making analysis of the effect of acidity difficult 35 or impossible. 28 For this reason, we sought to clarify our analysis and control for OH acidity by employing compounds with similar "initial" pK a values at the OH group. Towards this goal, we selected quinoxaline (3) and benzothiadiazole (4) because we measured similar OH pK a values for both compounds (Figure 2 ). The similar acidities of these base heterocycles also imply similar electron-withdrawing effects in both compounds. Figure 2 . Determination of pK a of compounds 3 and 4 by monitoring the onset of phenolate formation. 36 See SI for experimental details and data processing.
RESULTS AND DISCUSSION
The synthesis of 1 and 2 commenced with diamine 5 as the starting point for both molecules. Closure of the pyrazine ring to form 6 was achieved via condensation with glyoxal, 37 while the benzothiadiazole variant (7) was synthesized using thionyl chloride in sulfuric acid. 38 Substitution of -Cl for -OH was performed via Pd-catalyzed cross coupling to give 3 and 4. 39 Installation of the aldehyde required two distinct conditions for each heterocycle. The Reimer-Tiemann reaction was required to convert 3 to 8, 40 while the Duff reaction 41 using hexamethylenetetramine (HMTA) was employed to convert 4 to 9. 42 The final Schiff bases were readily accessed upon condensation with aniline in ethanol to give 1 and 2.
Scheme 2. Synthesis of 1 and 2.
Examination of the NMR data of 1 and 2 provided insight into the dynamic tautomeric equilibrium proposed in Scheme 1 and reveals that the unprecedented NH-N form was present in both compounds.
Various NMR solvents were used for the characterization of compounds 3-9, and assigned NMR spectra for 1 and 2 in CDCl 3 used for analysis can be found in the SI (pages S3-S4).
A. Evidence of only two forms in solution
The OH and NH-O forms cannot be distinguished spectroscopically because proton exchange is fast on the NMR time-scale. Thus, a single peak is observed for the OH/NH-O ensemble ( Figure 3 , Table   1 ). For both 1 and 2, however, another form is observable in solution and corresponds to the NH-N form.
Other tautomeric structures of 1 and 2 were disqualified because they were deemed to be too high in energy to warrant consideration based on their calculated energies (Scheme 3, vide infra and Figure   S20 ). Figure 4 displays the X-ray crystal structures of 1 and 2 with the position of H8 determined by dispersion-corrected plane-wave DFT calculations. Plane-wave DFT was used to take account of the periodicity of the crystal structure and more accurately locate the hydrogen atom within the Figure S15 and S16). Figure S12 ). All energetic (kcal/mol, 298 K), geometric and NMR shielding calculations performed at B3LYP/6-311+g(d,p). NICS (1), HOMED values calculated for the 6-membered ring indicated by (a). NICS (1) (row 4), which suggests that both NH-N forms exist, to the same extent, with the proton predominantly on N8. These measured 1 J NH are consistent with computational results that show proton transfer to the nitrogen atom in the heterocycle is energetically unfavorable ( Figure S20 ). These results indicate that the geometry of the hydrogen bond and the basicity of the heterocyclic nitrogen (see pK aH values of the parent heterocycles, Scheme 1) are unlikely to play a large role in the stability of the RAHB within NH-N because the heterocyclic nitrogen atoms do not appear to interact very strongly with H8.
C. Evidence for the NH-N form
E. Energetic balance of tautomers
The data from row 5 and 6 in Table 1 Similarly, using variable temperature NMR, we determined the ∆G 0 at 298K to be -1.62 and -1.01
kcal/mol for 1 and 2 respectively to confirm
F. π-Delocalization and competing aromaticity
We sought to investigate the reason behind the difference in the tautomeric equilibria of OH, NH-O and NH-N between 1 and 2. As mentioned previously, the basicity of the heterocyclic nitrogen atoms (Scheme 1) does not appear to play a major role. Likewise, the inherent pK a of the OH groups in each heterocycle (3 and 4, Figure 2 ) are so similar, we propose that the acidity-and the electron-withdrawing capacity of the heterocycles-plays very little role in the balance of tautomers. We therefore turned to investigate the role that aromaticity in rings a, q and q' might play in 1 and 2 (Table 1 , rows 8-13).
Briefly, the aromaticity of a molecule can be estimated using computational chemistry to calculate the Nucleus Independent Chemical Shift (NICS) of a dummy atom placed 1 Å above the plane aromatic ring. 59 The more negative the NICS value, the more aromatic the ring (full NICS plots from 0-4 Å can be found in the SI, Figure S21 ). Alternatively, the Harmonic Oscillator Model of Electron Delocalization (HOMED) 60 is a geometry-based measure of aromaticity in which the closer the HOMED value is to 1, the more aromatic the molecule. An older index, HOMA 61 is prevalent in the literature of RAHB, and HOMA values have also been calculated and can be found in the SI (Table S3) . We elected to go with HOMED in place of HOMA because HOMED is derived from computationally determine structural parameter, and we sought to cancel out any potential computational errors with the computed structures for 1 and 2.
In general, for compounds 1 and 2, ring a loses aromaticity upon tautomerizing from the OH form to the NH-O form as indicated by both NICS(1) and HOMED methods (Table 1 , rows 8 and 9). The aromaticity in ring a for the OH forms, however, is greater for 1 than for 2. Thus, there is a smaller sacrifice of aromaticity in ring a for 2 upon tautomerization to the NH-O form, which explains why 2 exists in the NH-O form to a greater extent than 1. Likewise, a small increase in the aromaticity of quasiaromatic ring q is observed for both compounds upon tautomerization to NH-O (row 10). This observation aligns with previous reports that show ring q always displays significantly less change in its index of aromaticity relative to the sacrifice of aromaticity in ring a to form the RAHB. 16 The overall trend of this data is mirrored in the HOMED indices calculated from the X-ray crystal structures of 1 and 2 (rows 11 and 12).
For the NH-N forms, the quasiaromatic ring q' display high aromatic character according to HOMED indices (row 13), while ring a in each case loses still more aromatic character (row 9) relative to the NH-O forms. Again, we attribute the lower aromaticity in ring a of 2 as the reason that 2 displays more of the NH-N form in solution compared to 1.
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These results suggest that acid-base effects play very little role in determining the equilibrium of 1 and 2, and the equilibrium is chiefly governed by aromaticity. We further propose that aromaticity considerations account for why proton transfer from N8 to N3 does not occur (described in section C above) (Scheme 3). The energy difference between 1 NH-N to 10 and 2 NH-N to 11 is too large to have an appreciable concentration at equilibrium. Tautomerization to form either 10 or 11 disrupts the aromaticity of both rings in the heterocycle because of π-delocalization to form the new q' N8-HN3 quasiaromatic ring. We propose that this aromatic disruption is the main factor responsible for the large energy difference.
Finally, rings b and c appear to be largely spectators in this isomerization process (Table 1, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 the magnetic field at the center of the ring. Thus, the field is enhanced as the π-bonds move closer to the point where NICS is being measured.
CONCLUSION
Collectively, these results indicate that resonance-assisted hydrogen bonds (RAHB) can be opened up provided there is a suitable Lewis base to stabilize the proton. This effect has not been observed before in the literature of RAHB, and we provide the first characterization of such an effect to open a RAHB to form quasi-aromatic ring q'. We also sought to investigate the effect that acid-base interactions might have on the RAHB and the equilibrium in Figure 1 . We selected quinoxaline (3) and benzothiadiazole (4) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 were dropped onto KBr plates before collection of the spectrum on a Bruker Vertex 80 FTIR spectrometer.
General Computational. All molecules considered were optimized at the nonlocal three-parameter hybrid B3LYP level of theory 62,63 under the 6-311+g(d,p) basis set. Vibrational analysis of each structure verified the existence of a minima due to the absence of imaginary frequencies. All calculations were carried out with the Gaussian 09 package. 64 Additionally, the hybrid CAM-B3LYP 65 and M06-2X 66 functionals were also for their ability to model charge transfer reactions and weak non-covalent interactions, respectively (Table S4 ). However, recent literature precedent has utilized the B3LYP functional to model proton transfer reactions and isomerizations. Plane-wave DFT calculations were performed on compounds 1 and 2 using CASTEP. 70 The X-ray crystal structures were used to fix the heavy atom positions and the hydrogen atom positions were optimized. All calculations used the Perdew-Burke-Ernzerhof (PBE) functional 71 with the Tkatchenko-Scheffler (TS) dispersion correction scheme 72 and ultra-soft pseudopotentials generated on-the-fly. The wavefunctions were expanded using a plane-wave basis set with a kinetic energy cut-off of 630 eV. A Monkhorst-Pack grid with a k-point spacing of 0.07 Å -1 was used to calculate the integrals over the Brillouin zone.
Synthesis of 6-chloroquinoxaline (6).
The diamine 5 (428 mg, 3.00 mmol) was added to a solution of glyoxal in water and stirred at RT for 1h. Upon completion (determined by TLC), the reaction was extracted with DCM, dried over MgSO 4 and concentrated in vacuo. 1 H NMR of the crude product matched previously reported literature. 3, 153.5, 144.5, 141.6, 140.9, 137.1, 136.9, 129.9, 129.3, 127.0, 119.7, 108.0 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 156. 4, 149.4, 149.0, 138.5, 131.9, 129.9, 129.3, 126.6, 118.3, 104.7 
ASSOCIATED CONTENT
The Supporting Information is available free of charge on the ACS Publications website at DOI:
Structures of catalysts discussed in the main text, DFT calculations, computational analyses, pKa studies and NMR spectra. X-ray crystal structures have been deposited in the Cambridge Crystallographic Data
Centre (1844550 and 1844551).
AUTHOR INFORMATION
Corresponding Author *Email: bvv@iastate.edu
ORCID
Brett VanVeller: 0000-0002-3792-0308
Notes
The authors declare no competing financial interest.
ACKNOWLEDGMENTS
We are grateful for support of this work by Iowa State University of Science and Technology and a Pfizer Global ASPIRE Award (WI216840). ( 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
REFERENCES
